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We propose a sheme for quantum information proessing based on donor eletron spins in semi-
ondutors, with an arhiteture omplementary to the original Kane proposal. We show that a
naïve implementation of eletron spin qubits provides only modest improvement over the Kane
sheme, however through the introdution of global gate ontrol we are able to take full advantage
of the fast eletron evolution timesales. We estimate that the latent lok speed is 100-1000 times
that of the nulear spin quantum omputer with the ratio T2/Tops approahing the 10
6
level.
I. INTRODUCTION
The interest in onstruting the omponents of a solid-
state quantum omputer (QC) devie where the logial
qubits are enoded by single donor spin[1, 2℄ or harge[3℄
degrees of freedom is largely based on the nexus to sal-
able fabriation tehnology in the semiondutor indus-
try. The nulear spin Kane QC[1℄, is of partiular interest
due to the relatively long oherene timesale of P-donor
nulear spins, whih bodes well for qubit storage. On
the other hand, simulations of eletron exhange medi-
ated two-qubit logi gates in the Kane sheme[4, 5, 6℄
showed that the gate delity is limited primarily by the
eletron oherene where the dephasing timesale was ex-
peted to be loser to the typial gate operation time of
O(µs). Reent measurements[7℄ indiate that the oher-
ene time for phosphorus donor eletron spins in silion
is onsiderably longer - greater than 60 ms at T=4K.
This surprisingly long oherene time means that donor
eletron-spin based quantum omputers may be a more
desirable goal in terms of relative simpliity of qubit iden-
tiation, readout, and inherent gate speed.
Proposals for donor-eletron spin quantum omputing
as variations on the original Kane theme already exist.
That of Vrijen et al[2℄ based on g-fator engineering alls
for the fabriation of omplex hetero-strutures, and the
ability to drag the eletron wave funtion into high-g re-
gions without ionisation. The digital quantum om-
puter onept[8℄ relies on the ability to oherently trans-
port eletron spins along the Si-oxide interfae using sur-
fae gates. The use of eletron spins in quantum dot
systems has been onsidered several times previously, for
example in GaAs systems [9℄ and Si-Ge heterostrutures
[10℄. A phosphorous donor eletron QC based on the
dipole interation was proposed in Ref. [11℄. A reent
review of silion quantum-omputer arhitetures an be
found in Ref. [12℄.
Between the original Kane proposal and these two vari-
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Figure 1: Donor eletron spin qubits in the Kane ongura-
tion inluding A-J-A ontrol gates, auxiliary read-out donors
and SET readout.
Qubit TX T2/TX TCNOT T2/TCNOT
n-spin 6µs 104 16µs 4× 104
e-spin 2µs 3× 104 O(10 µs) O(103)
(loal ontrol)
e-spin 30ns 2× 106 148ns 6× 105
(global ontrol)
Table I: Table summarising the relative time-sales for loally
ontrolled nulear[5℄ and eletron spin qubits ompared to the
globally ontrolled eletron spin ase. For both nulear and
eletron spin qubits the eetive dephasing time is taken to
be the faster of the two, T2 > 60 ms[7℄.
ants we present a new proposal for a solid-state quan-
tum omputer where the qubits are also enoded on the
spins of Si:P donor eletrons, yet retaining the relative
simpliity of the original Kane design. In this proposal
we literally turn the Kane donor based nulear spin QC
onept inside out and ouple it with new ideas for spin
readout. The phosphorus donors now serve to loalize
the eletron spins in spae, and to provide loal qubit
addressability through the eletron-nulear hyperne in-
teration. Contrary to the essential and rather omplex
2role played by the non-logial spins in the Kane pro-
posal  the eletron spins  here the nulear spins are
essentially frozen spetators. The donor eletron spin
based quantum omputer has potentially an inherently
faster lok-speed than the nulear spin version due to
the muh larger magneti moment. To fully aess this
is non-trivial. By introduing new onepts in global
ontrol of spin qubits and orretion of spetator evo-
lution, we show by diret simulation that the inherent
speed of the eletron spin time sales an be fully ex-
ploited. Single gate operations are ahieved with gate
times down to tens of nanoseonds, ommensurate with
the exhange based CNOT gate on the order of 150 ns.
We estimate that the eletron spin donor QC will have
an inherent lok speed around 100 times that of the nu-
lear spin QC, with T2/Tops approahing 10
6
(see Table
I). A summary of reent work on single donor eletron
spin readout[13, 14, 15, 16, 17℄ ompletes the proposal.
This paper is organised as follows. We introdue the
notion of eetive single-spin gate operation through
global ontrol sumplemented by only weak loal ontrol,
and orretion of spin spetators in the nanoseond tem-
poral arena of fast eletron spin dynamis. We ontrast
the gate speeds ahieved with the relatively slow anon-
ial single-spin/single-gate ontrol paradigm, where the
gate operation is limited to the miroseond timesale. In
the global ontrol using weak loal ontrol and orretion
paradigm we demonstrate how {X, Y, Z, and Hadamard}
single qubit operations, and the CNOT gate an be ar-
ried out, and provide the atual timesales through nu-
merial simulations. We then disuss readout, sale-up
issues and quantum error orretion.
II. SINGLE QUBIT ROTATIONS
A. Qubit Denition
The arhiteture of the basi donor eletron spin qubit
with ontrol gates and a resonant readout mehanism
is shown in Fig. 1. Single phosphorus nulei play a pri-
mary role as the loalizing entres for donor eletron spins
whih enode quantum information in the anonial fash-
ion as |0〉 = | ↓〉 and |1〉 = | ↑〉. To begin with, we analyze
the dynamis in the eetive spin formalism for whih the
Hamiltonian for the single qubit system in the absene
of a rotating magneti eld is
HQ = µBBσ
z
e − gnµnBσzn +A(VA)σe · σn, (1)
where B is the strength of the onstant magneti eld,
σz is the Pauli Z matrix with subsripts e referring to
eletrons and n referring to the nuleus and A(VA) is the
strength of the hyperne interation.
The hyperne interation between eletron and nu-
leus is ontrolled in the usual Stark-shift manner by
varying the bias, VA, on the A-gate in order to de-
form the eletron wave funtion ψ(r, VA) around the nu-
Figure 2: The energy levels of the donor eletron-nuleus sys-
tem in a magneti eld B and hyperne oupling A. The
notation is σze =0,1 (logial qubit states) and σ
z
n =↑, ↓.
leus thereby hanging the hyperne oupling A(VA) as
A(VA) ∝ |ψ(0, VA)|2.
It proves beneial to restrit the Hilbert spae of the
non-qubit spin: i.e. the nulear spin spae - in our ase
the lowest energy state orresponding to the nulear spin
up. For the Kane nulear spin quantum omputer the
non-qubit eletron spins were frozen out by through the
large B = 2T bakground eld leading to an relative ele-
tron spin-up/spin down polarization of 10−12 at 100mK.
Here the eld serves a similar purpose, but also relies
on the extraordinary long T
(n)
1 ≈ 1 hour of the donor
nulear spin. Sine T
(n)
1 is muh longer than any other
timesale in the system, the nulear spin one initialised
in the up state (lowest energy state) is for all intents and
purposes preditably inert. The Kane onept is thus
turned inside out.
B. Single Qubit Hamiltonian
We now desribe the anonial method of ontrolling
and manipulate eletron spins. In the following setion,
setion II C we will desribe how this method may be
improved upon.
By biasing the A-gate orretly we are able to selet
the qubit system (the targetted qubits). In the anonial
method, the A-gate bias tunes the hyperne interation,
bringing the qubits into resonane with bakground RF
eld Bac and giving us the ability to perform single qubit
rotations as required. To gain insight into the anonial
ontrol of the eletron spin a RF eld of frequeny ωac we
write the single-spin eletron Hamiltonian as (assuming
frozen nulear dynamis in the up state):
HQ = ( µBBz +A(VA))σ
z
e
+µBBac(σ
x
e
sinωact+ σ
y
e cosωact). (2)
This turns out to be a good assumption for typial pa-
rameters expeted for the Kane arhiteture, as we show
by numerial simulation inluding both nulei and ele-
trons.
For an initial state |0〉 the well known Rabi solution
gives the probability of the eletron being found in the
3state |1〉 after time t as
P1(t) =
(
µBBac
Ω
)2
sin2
(
Ωt
~
)
, (3)
where ∆ω = ω(A)−ωac is the detuning between the eld
quanta and the resonant frequeny of the qubit levels
ω(A), ontrolled by the hyperne gate A(VA). Ω(A)
2 =
(µBBac)
2 + ~2(∆ω)2 and the resonant frequeny ω(A) is
given to seond order by
ω(A) = 2
(
µBB +A+
A2
µBB + gnµnB
)
. (4)
In the anonial sheme, being able to perform single
qubit rotations is ontingent on the ability to shift the
eletron spin in and out of resonane with the RF eld.
Calulations show that by applying a voltage to the A-
gate, one an eetively shift A [18℄. A natural state of
operation is to tune the frequeny of the rotating mag-
neti eld to the maximally detuned state ωac = ω(0).
In the anonial sheme, when no bias is applied to the
A-gates, A = A0, and eah qubit is out of resonane.
When a bias voltage is applied, the qubits are fored into
resonane with the magneti eld.
In order for the anonial sheme to work, ∆ω must be
large ompared to the full width half maximum (FWHM)
of the resonane to ahieve delities at the 10−5 level.
The FWHM is given by 4µBBac/~. Clearly to loally
ontrol spins using this method, we must redue Bac at
the expense of gate operation time. For an error of P1 ≈
10−5 for the o resonane qubits (ie. those not taking
part in the operation) one requires Bac ≈ 10−5T. This
leads to a gate operation time of 1.7µs for the qubit being
addressed. In Table I, this is referred to as the loally
ontrolled eletron spin ase.
There are several apparent problems with this anoni-
al single-gate sheme with an always on AC eld. First,
the miroseond timesale is slow ompared to the natu-
ral Z evolution of the eletron spins in the Bz = 2T eld.
Also, as a result of this fast evolution, one must be able
to tune the `A' gate at the frequeny of the Z evolution
in order to optimise the delity of the gates. While this
might be possible, we propose an alternative sheme ex-
ploiting global ontrol whih takes full advantage of the
fast timesales.
It is onsiderably simpler to understand the basi on-
trol proesses one we transform the single qubit Hamil-
tonian into a frame rotating with the RF eld. We thus
make the substitution
|φ〉 = exp
(
iωact
2
σze
)
|ψ〉, (5)
where |ψ〉 is the wavefuntion in the stationary frame,
and |φ〉 is the wavefuntion in the frame whih rotates at
the same frequeny as the eld Bac. The Hamiltonian in
the rotating frame is
H˜Q = ~∆ωσ
z
e + µBBacσ
x
e , (6)
The Hamiltonian given in equation (6) represents spin
preession or rotation around an axis in the ~n = ~∆ωkˆ+
µBBac iˆ diretion.
In order to take full advantage of the fast timesales
in the system we onsider an alternative approah for
single qubit rotations to the loally ontrolled ase as we
antiipate only having limited ontrol over ω(A). In this
proposal we eetively perform single qubit operations by
rotating around the x-axis (when ∆ω = 0) and around
an axis whih is slightly rotated with respet to this axis
desribed by H˜Q.
C. X Rotations
In this setion we desribe the globally ontrolled qubit
operation in the ontext of an X rotation, by whih we
mean a rotation around the x-axis. To perform an X
rotation, we begin with the resonant magneti eld Bac
tuned to the eletron resonane obtained when no voltage
is applied to the orresponding A-gate (A = A0), i.e.,
ωac = ω(A0). (7)
In the ase when no voltage is applied to an A-gate, ele-
trons will undergo a rotation around the x-axis nˆ0 = ıˆ,
sine ∆ω = 0. They will preess with an angular fre-
queny of Ω0 = 2µBBac. This is the natural frequeny
of rotation in the system. In the absene of any external
inuenes, every eletron preesses at the same rate.
We now onsider how to rotate one of the qubits (the
target qubit) with respet to the others (the spetator
qubits). The speed of rotation of a detuned eletron
is greater than an eletron whih is resonant with Bac;
that is, Ω(A) ≥ Ω0. Therefore, if we detune an eletron
from the resonane, it will perform a 2π rotation in less
time than every other qubit requires to do a 2π rotation
around the ıˆ axis. In fat every other qubit will undergo
a rotation of
θx(A) = 2π − 2π
Ω(A)
Ω0
= 2π − 2π√
(µBBac)2 + ~2(∆ω)2
µBBac
Sine ∆ω is onstrained, the maximum angle whih may
be rotated in a single step is also onstrained. By repeat-
edly applying this operation and tuning the voltage on
the A-gate, an X rotation by an arbitrary angle θ may
be onstruted. It is onvenient to hoose Bac suh that
any rotation up to θ = π may be performed in a sin-
gle step. This is possible for typial parameters when
Bac ≤ 1.2 × 10−3 T. After this step, the target qubit
will not be rotated with respet to its original state, but
all the spetator qubits will have undergone a rotation of
Rx(−θ).
The seond step required is a orretion that rotates
every qubit, both the target and spetator qubits, by
4Step Target Qubit Spetator Qubits Time (ns)
1 I Rx(−θ) 14.8
2 Rx(θ) Rx(θ) 14.8
Overall Rx(θ) I 29.7
Table II: Control steps in the single qubit X rotation showing
the operations eeted on both target and spetator qubits.
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Figure 3: Typial X gate evolution and timesales for input
states as indiated.
Rx(θ). In this step we bring every qubit in the system
into resonane with the magneti eld, and perform an
equal X rotation on eah qubit. In the rst step, eah
spetator qubit was rotated by Rx(−θ). In the seond
step everything is rotated by Rx(θ). These angles anel
and therefore no net operation is performed on the spe-
tator qubits. The targeted qubit is eetively not rotated
at all by the rst step. The seond step rotates the tar-
geted qubit by Rx(θ). The targeted qubit therefore has
an overall rotation of Rx(θ). The steps required for a full
X rotation are shown in Table II.
The overall time required for an X gate (i.e. Rx(π)) is
approximately tx = 29.7 ns. Often a orretion step an
be ombined with other orretion steps. Not inluding
the orretion step (Step 2), the time required for an X
gate is around half this value at tx = 14.8 ns. A numer-
ial simulation of this gate was alulated, and a typial
evolution is shown in Fig. 3, using the full Hamiltonian
inluding both nulear and eletroni spin.
D. Y Rotations
To ahieve a Y rotation, we make use of detuned rota-
tions around the axis
nˆ = cosφıˆ+ sinφkˆ (8)
Note that we an tune the voltage on an A gate and there-
fore A(VA) to produe an arbitrary angle φ < φmax. The
Step Target Qubit Spetator Qubits Time (ns)
1 Ry(4φ) Rx(γ) 50.7
2 I Rx(−γ) 38.3
Overall Ry(4φ) I 89.0
Table III: Control steps in the single qubit Y rotation showing
the operations eeted on both target and spetator qubits.
value of A required may be alulated for an arbitrary
angle φ, beause we know that
tanφ =
∆ω
µBBac
(9)
This equation allows us to solve for ∆ω, and therefore
A(VA). The maximum angle whih may be obtained is
tanφmax =
∆ωmax
µBBac
. (10)
Now we onsider rotations around this axis,
Rx(π) Rn(π) Rx(π) Rn(π)
= (cosφX − sinφZ)(cosφX + sinφZ)
= cos 2φ I − i sin 2φY
= Ry(4φ) (11)
We may apply Rx(π) rotations in parallel on every qubit.
Rn(π) rotations may be applied by detuning the target
qubit. This tehnique allows for arbitrary rotations on
the target qubit around the ˆ axis, up to a rotation of
Ry(4φmax). For rotations larger than this angle, one may
simply repeat the proedure.
After this operation is omplete, a orretion step may
be required. The target qubit will have undergone a rota-
tion of Ry(4φ) and all spetators will have been rotated
by an angle Rx(γ) as they are in resonane with the mag-
neti eld during the entire operation. Therefore if the
total time of the operation is t then γ = 2µBBt. To or-
ret for this rotation an additional step is required. We
rotate the eah spetator by Rx(−γ) and eetively do
nothing to the target qubit. This step is idential to the
rst step when performing an X rotation. Eah step in
this operation is shown in Table III.
For typial parameters expeted for the Kane arhite-
ture a rotation of Ry(π) will take a total time of 89.0 ns
with the orretion step, of whih 50.7 ns is to reate the
Y gate, and the remaining 38.3 ns is used to orret the
rotation of the target qubit with respet to every other
qubit. A typial evolution was numerially simulated and
is shown in Fig. 4.
E. Hadamard Gate and Z Rotations
Another partiularly useful gate in quantum algo-
rithms and quantum error orretion is the Hadamard
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Figure 4: Typial Y gate evolution and timesales for input
states as indiated.
Step Target Qubit Spetator Qubits Time (ns)
1 H Rx(α) 10.5
2 I Rx(−α) 19.2
Overall H I 29.7
Table IV: Control steps in the single qubit Hadamard gate
showing the operations eeted on both target and spetator
qubits.
gate. For referene the Hadamard gate is dened for a
single qubit as:
H =
1√
2
[
1 1
1 −1
]
=
1√
2
(X + Z)
= Rm(π) (12)
where mˆ = 1√
2
(ˆı+kˆ). We may easily produe this gate by
detuning the eletron spin from resonane. If we hoose
∆ω = µBB then we will rotate around the axis mˆ. Sim-
ilarly to the X and Y gates, the Hadamard gate may
require a orretion step to anel any rotation on the
spetator qubits. The steps in the Hadamard gate are
showing in Table IV. The Hadamard gate takes a total
time of 29.7 ns with the orretion applied to the spe-
tators, but a total of only 10.5 ns without the orretion
step. The Hadamard gate was simulated numerially,
and a typial evolution for this gate is shown in Fig. 5.
We may perform an arbitrary Z rotation by noting the
identity
H Rx(θ) H = Rz(θ). (13)
Therefore we an simply make an arbitrary Z rotation out
of existing elements. The steps for this gate are shown in
Table V. Only one orretion step (Step 4) needs to be
applied. The total time required for this gate is 59.4 ns
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Figure 5: Typial evolution and timesales of the Hadamard
gate for states as indiated.
Step Target Qubit Spetator Qubits Time (ns)
1 H Rx(α) 10.5
2 Rx(θ) Rx(θ) 14.8
3 H Rx(α) 10.5
4 I Rx(−θ − 2α) 23.5
Overall Rz(θ) I 59.4
Table V: Control steps in the single qubit Z rotation showing
the operations eeted on both target and spetator qubits.
with the orretion step inluded, and 35.8 ns without
the orretion step. Again, a typial evolution is shown
in Fig. 6.
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Figure 6: Typial evolution and timesales of the Z gate for
states as indiated.
6III. MULTIPLE QUBIT OPERATIONS
A. Exhange Interation Based CNOT Gate
The exhange interation and single qubit unitaries
may be used to reate a CNOT gate. The exhange in-
teration is proportional to the overlap of the eletron
wavefuntions. A simple approximation of the exhange
interation adequate for our purposes, is given by the
Herring-Fliker approximation [1℄,
Jmax(d) =
1.6
~ǫ
e2
a⋆
(
d
a⋆
) 5
2
exp
(
−2 d
a⋆
)
(14)
where a⋆ is the eetive Bohr radius for the eletron,
and d is the separation between phosphorus donors. By
hanging the voltage of the J gate between the phospho-
rus donors we may tune the strength of the exhange in-
teration J as shown in [19, 20, 21℄. Ideally the arhite-
ture will be able to tune between J = 0 and J = Jmax(d).
In the rotating frame, the Hamiltonian whih inludes
the exhange interation is
H˜J = µBBac(σ
e1
x +σ
e2
x )+∆ω1σ
e1
z +∆ω2σ
e2
z +Jσ
e1 ·σe2 ,
(15)
whih is partiularly simple to manipulate. Note that if
∆ω1 = ∆ω2, and in partiular if both qubits are tuned
to the resonant magneti eld meaning ∆ω1 = ∆ω2 =
0 the idential single qubit rotations ommute with the
exhange interation. That is,
[µBBac(σ
e1
x + σ
e2
x ) + ∆ω(σ
e1
z + σ
e2
z ), Jσ1 · σ2] = 0.
(16)
This implies that we may treat the global rotations and
the exhange interations separately.
The ontrolled sign gate Λ1Z may be expressed as
Λ1Z = exp
(
iπ
I − Z
2
⊗ I − Z
2
)
(17)
Using Hadamard gates, the CNOT gate may be expressed
as
Λ1X = (I ⊗H) Λ1Z (I ⊗H)
= (H ⊗ I) exp
(
iπ
I −X
2
⊗ I −X
2
)
(H ⊗ I)
= (H ⊗ I)
(
Rx
(π
2
)
⊗Rx
(π
2
))
exp(i
π
4
X ⊗X) (H ⊗ I).
(18)
Eq. (18) is an expression for the CNOT gate whih is
mostly made up of gates whih are straightforward to
perform on our arhiteture, suh as the Hadamard, and
global X rotations. The only diult part of this gate is
the term exp(iπ4X⊗X) whih may be onstruted in the
following way
exp(i
π
4
X⊗X) = (X⊗I) exp(iπ
8
σ·σ) (X⊗I) exp(iπ
8
σ·σ).
(19)
Step Operation Time (ns)
1 H ⊗ I 29.7
2 exp ipi
8
σ1 · σ2 0.01
3 X ⊗ I 14.8
4 exp ipi
8
σ1 · σ2 0.01
5 X ⊗ I 14.8
6 Rx
(
pi
2
)
⊗Rx
(
pi
2
)
7.4
7 H ⊗ I 29.7
8 Corretion 51.9
Overall CNOT 148.4
Table VI: Control steps and times in the exhange based
CNOT gate.
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Figure 7: Evolution and timesales for the CNOT gate for the
states as indiated.
In order to reate this interation orretly, we need to
let the qubits interat for a time tJ suh that JtJ =
π
8 .
The largest amount of time in the CNOT gate is in
the orretion operation. In this step, as in previous
gates, we rotate the target qubits with respet to the
spetator qubits, and then until the spetator qubits have
performed a whole 2π rotation. Unfortunately, for the
parameters we have hosen, this step turns out to be
partiularly long. In the absene of this step, the CNOT
gate requires only an operation time of 96.5ns.
The iruit diagram based on this onstrution is
shown in Fig. 8. The total time required for this gate,
based on typial parameters for the Kane arhiteture is
148.4 ns. A breakdown of the times required for eah op-
eration in the gate is shown in Table VI. This gate was
simulated numerially, and a typial simulation is shown
in Fig. 7. Note that during this gate, orretions need to
be performed only when they do not ommute with the
next gate.
B. The Swap Gate
The swap gate may be performed partiularly easily
with the exhange interation. The swap gate S may
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Figure 8: Ciruit diagram for the CNOT gate.
written
S = exp(i
π
4
σ1 · σ2). (20)
Assuming ontrol of the exhange interation, this gate
may be performed in a single operation with Jt = π4 .
This may then require a orretion step. Sine this in-
teration is muh larger than the typial frequenies for
single qubit rotations, this gate is extremely fast, and to
a good approximation does not require a orretion step.
The speed of this gate also indiates that a three qubit
enoding [22℄ may be suessful.
C. The Dipole-Dipole Based CNOT Gate
The dipole-dipole interation ouples every pair of ele-
troni spins in the system. The ontribution whih the
dipole-dipole interation makes to the Hamiltonian is
HD = D
(
σ
e1 · σe2 − 3(σe1 · dˆ)⊗ (σe2 · dˆ)
)
(21)
where the strength of the dipole-dipole interation D is
given by
D(d) =
µ0
4π
µ2B
d3
. (22)
Whereas the exhange interation dies o exponentially
with distane, as shown in Eqn. (14), the dipole-dipole
interation only dies o as 1/d3. Therefore at larger sep-
arations, the dipole-dipole interation to dominates.
The diretion in whih we orientate our qubits w.r.t.
the magneti eld B is important. If we align the donors
along the x-axis (ıˆ) or y-axis (ˆ), HD does not ommute
with σe1z + σ
e2
z . This implies we may no longer look at
our system in a rotating frame. However, if we align our
qubits in the z-axis (kˆ) diretion then the rotating frame
is still valid, and the rotating frame Hamiltonian is
H˜JD = µBBac(σ
e1
x + σ
e2
x ) + ∆ω1σ
e1
z +∆ω2σ
e2
z
+Jσe1 · σe2 +D (σe1 · σe2 − 3σe1z ⊗ σe2z ) .(23)
For simpliity we therefore hoose to align our axes in
the kˆ diretion.
When the eletrons are relatively widely spaed (d >
30 nm) single qubit rotations are muh faster than the
speed of the interation (µBBac ≫ D) and the dipole-
dipole interation dominates the exhange interation
(D ≫ J). In order to speify a CNOT gate, we onsider
the ase when the eletrons are tuned to the rotating
magneti eld, i.e. ∆ω1 = ∆ω2 = 0.
Now
[µBBac(σ
e1
x + σ
e2
x ), (J +D)σ
e1 · σe2 ] = 0 (24)
therefore we onsider the interation (J + D)σe1 · σe2
separately from the single qubit rotations µBBac(σ
e1
x +
σe2x ). Unfortunately the same is not true of the −3Dσe1z ⊗
σe2z term in the Hamiltonian where
[σe1z ⊗ σe2z , σe1x + σe2x ] = 2i(σe1y ⊗ σe2z + σe1z ⊗ σe2y ), (25)
for example. Similarly we may alulate higher order
ommutators. This leads to quite a ompliated evolu-
tion of the system. Fortunately it is possible to refous
[23℄ muh of the evolution. However, these higher or-
der terms also anti-ommute with σe1x ⊗ I and therefore
we may anel many of them by onjugation. With this
approximation, it is possible to reate the CNOT gate us-
ing exatly the same pulse sequene as was required when
we ignored the dipole-dipole interation in SetionIIIA.
The iruit diagram for this iruit is shown in Fig. 8.
The interation is now assumed to be solely due to weak
dipole-dipole interation. In eah interation we must al-
low the qubits to interat for the omparatively long time
of tD =
1
D
π
8 .
At a spaing of 30 nm we antiipate an extremely long
gate time of 4.6ms. This time is dominated by the time
required for the interation between qubits. A quantum
omputer based on this sheme has no need for J gates.
D. CNOT Gate with Both Exhange and
Dipole-Dipole Interations
In the intermediately spaed regions, neither the
dipole-dipole nor the exhange interation dominate. In
this ase we may use them to omplement eah other,
and reate a CNOT gate as desribed in Setion IIIA
and Setion III C. In this ase the interation between
eletrons must be performed for a time of tJD =
1
J+D
π
8 .
This leads to a total gate time (for typial parameters at
a spaing of 23 nm) of 4.0µs.
During single qubit rotations it would be beneial (al-
though not essential) to minimise the exhange intera-
8tion. This may be aomplished through the appliation
of voltage to the J gates to isolate the eletrons.
IV. PARALLEL GATE OPERATION
Parallel gates are an essential feature of salable ar-
hitetures, and are performed naturally in this sheme.
Eah of the gates may be performed in parallel. For ex-
ample X rotations may be performed on two qubits at
the same time. This is ahieved by simply applying iden-
tial ontrol pulses to both qubits. Similarly, idential
two-qubit operations may be performed in parallel. For
example, a CNOT may be performed between qubits one
and two, and between three and four, in parallel.
In addition to applying idential gates to dierent
qubits, many other ombinations are possible. Every
gate takes a multiple of the period of a spetator qubit
(29.7 ns) to perform. After a whole number of periods,
the spetators will be in their original orientation. Dur-
ing this time, the orret rotation is applied to the target
qubits. The shorter operation being applied in parallel
may have to be padded by a number of 2π X rotations
exatly the same way as the spetators. In this way any
two operations whih do not at on the same qubits may
be applied in parallel. So, for example, an X rotation on
qubit 1, may be performed in parallel with a CNOT on
qubits 2 and 3.
Our sheme takes advantage of two key fats. Firstly,
eah gate only requires us to hange the voltage on the
loal `A' and `J' gates. We do not need to modify the
magneti elds, whih would aet the operation of other
qubits. This means that eah operation may be applied
independantly. Seondly, eah operation takes a whole
number of periods of the spetator qubits to perform.
Muh like a lok in a onventional omputer, this greatly
simplies timing issues in performing gates in parallel.
V. READOUT AND INITIALISATION
Readout is a ruial issue to be addressed for donor
spin based arhitetures. We will briey desribe several
possible readout shemes here.
Diret single-spin detetion is very diult sine a sin-
gle spin interats very weakly with its environment and
hene the measurement devie. In spite of this, magneti
resonane fore mirosopy (MRFM) has been suggested
[15, 24, 25, 26℄ as one of the most promising tehniques
to ahieve suh a diret single-spin measurement. Two
of the most promising spin-antilever modulation proto-
ols to detet a single spin by MRFM are: Cyli Adi-
abati Inversion (CAI) [27℄ and OSillating Cantilever-
driven Adiabati Reversal (OSCAR) [28℄. The MRFM
tehnique also takes the advantage of the eletron spin
quantum omputer arhiteture disussed here. The re-
quired RF eld for the MRFM measurement protools
Figure 9: Shemati of the spin-harge transdution proess
for spin readout using a single eletron transistor (SET) as
an eletrometer.
is also an essential element for the eletron spin quan-
tum gate operations. Reently, the MRFM tehnique
has been demonstrated [16℄ to detet an individual ele-
tron spin. But the required averaging time is still too
long to ahieve the real-time readout of the single ele-
tron spin quantum state. Given the steady improvement
in experimental tehnique, the MRFM has great poten-
tial to serves as an readout devie for spin-based qubit
systems in the near future.
The spin-harge transdution idea of the original Kane
proposal (Fig. 9) alled for the adiabati spin-dependent
transfer[1℄ of the qubit donor eletron to an auxiliary
donor leaving a donor ion D
+
and a doubly oupied
donor D
−
. The two eletron state of this double donor
system is onditionally entangled with the original nu-
lear qubit spin. Detetion of the nal D
+
D
−
state by
the SET onstitutes a measurement of the qubit nulear
spin. A problem with this sheme is the shallow nature
of the D
−
state (1.7 meV), whih may easily ionise in the
eletri eld required to indue the eletron transfer.
The dynamis of the spin dependent transition
D0D0 → D+D− was investigated to assess the vulnera-
bility of the adiabati read-out sheme[13℄. A ompari-
son to the eld strength required for adiabati transfer,
the typial D
−
state dwell-times and SET timesales in-
diated that adiabati transfer would at the every least
severely test SET measurement apability. As a possible
alternative to the adiabati Kane proposal, a resonant-
based [13℄ sheme has been proposed in whih an AC eld
is applied to the gates G1,2 resonant with the transition
D0D0 → D+D−. Simulation results indiate a good level
of ontrol is ahievable for single-qubit addressing in this
way using relatively low DC eld strengths.
Another alternative[17℄ relies on energy resolved read-
out through the introdution of an ionised donor (the
probe) to the usual two donor system for spin readout.
Controlling the bias applied to the probe allows resonant
harge transfer from either the singlet or triplet state of
the ombined qubit-referene system to the probe. By
eeting spin dependent tunnelling to the ionised probe,
9rather than to the referene in the two-donor sheme, we
avoid potential problems due to shallow the D− state.
This an be thought of as using a harge qubit to read-
out a spin qubit.
VI. CONCLUSION
We have proposed a sheme for solid state quantum
omputation based on donor eletron spins and global
ontrol, using only weak loal ontrol. This sheme
forms a natural stepping stone and shares similarities
with the existing nulear spin based Kane proposal. We
have shown how, even with limited ontrol over the res-
onant frequenies of the eletroni spins and an always
on rotating magneti eld, Bac, this system may be used
for quantum omputation. This sheme outperforms the
naïve appliation of the anonial sheme. Indeed, al-
though eletron dephasing times are faster than the or-
responding nulear dephasing times, we nd that a typ-
ial operation time is also orrespondingly faster with
with T2/Tops approahing 10
6
.
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